INTRODUCTION
This report describes the design, construction, testing, and data obtained from a dedicated hydrogen-fueled engine. The dedicated hydrogen-fueled engine is the descendant of a gasolinefueled engine that was converted to hydrogen-fueled operation in previous work utilizing the original gasoline cylinder head design. The purpose of this project was to determine if redesigning the engine would eliminate the high load knock and pre-ignition recorded with modified gasoline engines. The dedicated hydrogen-fueled engine required the manufacture of an extensively redesigned cylinder-head.
The design process for the dedicated hydrogen-fueled engine was broken into two parts 1.
Specification of design constraints . 2.
Incorporation of design constraints
The desigdconstruction process used commercially available engine parts, where possible, and the machining of components from raw materials where necessary.
The testing process section describes the testing apparatus and procedures used.
The data section presents the raw data, the performance maps describing engine performance, and the methods used to generate them.
DESIGN PROCESS
The design constraints influencing engine design were as follows
1.
Because previous work had shown inherently high energy release rates in stoichiometric hydrogen-air mixtures, a low-turbulence combustion .chamber was desirable to allow stoichiometric operation. A low-turbulence chamber should be designed without Swirl, tumble, or squish. A disk combustion chamber, in conjunction with an axially aligned symmetric intake port, satisfies these design constraints.
2.
The desire to reduce energy release rate at high equivalence ratios (stoichiometric) also mandated positioning at least one spark plug on the periphery of the disk combustion chamber.
Because previous work had shown inherently low energy-release rates in lean hydrogenair mixtures, it was necessary to provide a means to increase the energy-release rate during lean operation. A second spark plug was included in the design that could be fired simultaneously with the first to initiate two flame fronts, effectively increasing the energy release rate. -~ -
4.
The spark plugs were chosen to operate w i t h low surface temperatures to prevent the development of a surface ignition site in the combustion chamber. Low surface temperatures are desirable to prevent pre-ignition of the hydrogen-air mixture, particularly
5.
as deposits collect on the surfaces. Champion 10 mm (G55R) spark plugs (Photo 1) were chosen to meet the low temperature constraint and were of small diameter, which made them easier to include in the cylinder head design.
The exhaust valves were also chosen to operate with low surface temperatures to prevent the development of a surface ignition site in the combustion chamber.
Smaller diameter exhaust valves are easier Photo Ito cool because the heat into the valve increases in proportion to the valve head area (square of valve diameter), but the heat out of the valve increases in proportion to the valve seat area (linear with valve diameter). Therefore, two small exhaust valves were used rather than one larger exhaust valve. The exhaust valves were made fiom Alfa Romeo 1300 cc, 9 mm stem, sodium-cooled exhaust valves. The valve head diameter was cut down to 1.0 in. The exhaust valve fiom the Alfa Romeo 1600 cc engine could have been used, but the sodium chamber inside the valve head was larger in the valve from the 1300 cc enginey affording better cooling.
111111 (G55Rl spark plug
6.
To prevent ignition of the fiesh charge by residuals fiom the previous cycle, only air was allowed to enter the cylinder during the early part of the intake stroke. This reduced the chance of early ignition in two ways. First, it reduced the ainount of hydrogen that was trapped with air in the piston ring land during compression. This reduced the likelihood that combustion in the gases and oil vapor trapped in the ring land would continue into the next cycle. Second, the air dropped the temperature of the residuals before hydrogen entered the cylinder. The intake geometry and fie1 injector timing was chosen to deliver an initial mixture of air with little or no hydrogen for the first 7.5 in2 of mixture inducted. The system was designed to be insensitive to injector leakage. ' 
7.
The compression ring gaps were chosen to vent high-pressure gas@ accurjnulated between the first and second compression rings preferentially to the crank case.
8.
The cooling system was designed to provide uniform coolant flow rates. The principal obstacle to heat transfer in an aluminum cylinder head is at the aluminum-coolant interface at locations where there are low flow rates of coolant and film boiling can occur. Coolant systems that avoid nonuniformities in local coolant flow rate prevent film boiling.
Such a design was ideally suited to the use of the sodium-cooled exhaust valves chosen for the design of this dedicated hydrogen-fueled engine. A minimum of 0.40 inch spacing between combustion chamber components (valvesy plugs) was used to provide adequate cooling.
Combustion Chamber Design
The eight previously described design constraints were incorporated into a combustion chamber to cover the 3.35 inch diameter cylinder bore (Figures 1-4) . The standard lifter location and orientation for the 2TC Toyota engine were retained although it was necessary to modi@ the intake lifter for pushrod clearance. The combustion chamber layout shown was strongly influenced by the need to actuate the two exhaust valves with one pushrod. As can be seen in
Figures 5-6, the intake port was symmetric about a vertical plane passing through the central axis of the combustion chamber. This configuration was expected to produce no swirl, but minor changes in the port during flow bench work resulted in swirl. The intake-valve-head diameter was 1.42 inches. The intake port was a slightly scaled-down duplicate of the standard Toyota 2TC intake port. The final design of the cylinder head employed very short (2 inch) exhaust ports internal to the cylinder head. This reduced the heat load to the cylinder head. A large portion of the heat load to the cylinder head and water jacket occurs in the exhaust port, so the ports were kept as short as possible.
Radial heat t r d e r out of the combustion chamber was absorbed by a coaxial water passage around the periphery of the combustion chamber. The passage was split into two parts, each fed by water from the cylinder block. Cooling water entered each part at the rear of the cylinder head and again at locations along their pathway, eventually exiting at the front of the cylinder head through two 0.25 inch ID fittings.
. Axial heat transfer out of the top of the combustion chamber was absorbed by two 0.25 inch diameter coolant passages that entered at the rear and driver side of the engine and exited at the front of the cylinder head. The coolant was once-through city water. Coolant flow was regulated to achieve an exhaust valve seat temperature of 225 "F.
The finaI combustion chamber had 4.8% less surface area than the original Toyota 2TC hemispherical combustion chamber (Photo 2).
The final engine design satisfies all of the principal design criteria and almost all of the s e c o n m design criteria. Secondary criteria 3 was not fully satisfied because spark plug 2 was not vertical. Spark plug 2 was angled 13' radidy outward from the vertical, which was necessary for clearance. The G55R Champion spark plug was machined to be flush with the inside of the chamber when installed.
Secondary criteria 5 was not fully satisfied because it was necessary to reduce the clearance between the valves and the combustion chamber wall to 0.01 inches. Flow bench work showed &at the reduction in flow due to shrouding can be offset by improving the flow coefficient of the ports leading to the valves.
The finaI design is shown in Figures 1-4 . The spark plugs are shown as extended cylinders to indicate the space needed for installation and removal.
/
The intake valve location was mandated by the location of the intake pushrod and the dimensions of the available existing rockers. A survey of existing automotive rocker anns was conducted and the rocker for a 1972, 1600 cc "Kent" 4-cylinder Ford engine was chosen. That rocker had the shortest distance between valve stem and pushrod available (2 inches). The rocker ratio was Fl-7 Table I depicts the basic dimensions of the engine. These gaps were previously found to be compatible with the use of hydrogen. The tight ring gap in the top compression ring directs the leakage of high pressure gases trapped between the rings towards the crankcase instead of into the combustion chamber. These gases carry residuals and oil from the previous cycle.
Determination of Valve --Timing and Exhaust System Design
The design goals for the exhaust system and valve timing were to improve volumetric efficiency over that of the Toyota 2TC engine and io reduce the amount of exhaust residuals trapped in the efficiency is intake valve closing. Both the literature and previous data taken with the Toyota 2TC engine provided volumetric efficiency versus revolutions per minute (RPM) curves for the engine. Based on this information, intake valve closing was chosen at 42O after bottom dead center (ABDC). The two 0.779 inch ID header pipes, one from each exhaust port, were either 5 -or6 ft. long. The finished design resulted in improvements in volumetric efficiency up to 3700 RPM The flow field produced in the combustion chamber is shown in Photograph 3 of the combustion chamber in which oil that passed the intake valve stem seal can be seen flowing out of the exhaust port. This photo shows the "Kent" intake valve and seal that were eventually changed to the modified 1.6L Toyota 2TC valve and 2.OL Chevrolet valve stem seal because of excessive amounts of oil passing the stem seal. 
Induction System Design
The principal design criteria affecting the induction system design were the ability to deliver a relatively homogeneous mixture at light-load cOndifions and the ability to deliver an initial portion of pure air followed by hydrogen-air mixture at high-load conditions. The induction system was also designed to minimize intake charge heating.. Figure 7 and Photos 4-7 show the final form of the engine, including the induction system. The induction system uses two Photo 3 -Early combustion chamber configuration with oil leakage past intake valve guide electrically actuated high-flow rate fuel injectors (Photo 8) supplied by Siemens Automotive. The injectors were tested at up to 60 psig to.measure leakage. Leakage was measured by connecting the injector to a bubble meter. The leakage rate was computed by measuring the travel time of the bubble in the calibrated bubble meter tube with a stop watch. At 60 psi, the leakage rate was 2.48 ml/sec and 2.14 d s e c . The maximum hydrogen delivery pressure was 45 psig, so the sealing ability was more than adequate. Injection duration was controlled with an Intelligent Controls IC5130 fuel-injector controller. A hall sensor with a magnet mounted on the camshaft .
(Photo 9) triggered the control unit at 21" BTDC.
The injection timing for each data point is given in Appendix A. The duration of injection was limited to prevent injection after 90" ATDC. The injector required 0.7 ms to close. This allowed the intake manifold to be filled with air as the final mixture was drawn into the cylinder. -The intake manifold then remained filled with air until the next intake stroke.
The two injectors deliver fuel at the minor diameter of the throttIe body. They were aimed parallel to, but offset 0. I5 inches from, a radial line drawn from the central axis of the venturi. The intake manifold was 4 inches long and was constructed from 0.049 inch wall 1.5 inch OD aluminum tubing. 7.5 inches of clear plastic tubing of 0.20 inch wall thickness was installed to insulate the inside of the throttle body, intake manifold, and the first 1.75 inches of the intake The injector location was chosen to mitigate the negative effects of injector leakage. The inlet system was designed to deliver pure air during the beginning of the intake stroke. Should the hydrogen injector leak, it was important to place it far enough from the intake valve such that hydrogen did not collect near the intake valve during the 480° of-crankshaft rotation when the intake valve was closed. Placing the injectors at the beginning of the intake manifold reduced the system's sensitivity to injector leakage. The diffusion rate of hydrogen in air is much too slow to allow significant penetration of the hydrogen into the intake port during the intake valve closed time.
OiI Confro1
-Oil control is important in Pre-2VC &take Valve Closing) hydrogen-fueled engines. -Excess oil consumption produces two types of problems during hydrogen operation. During light load operation, excess oil in liquid form collects on top of the piston. As long as temperatures remain low, the oil can remain in the liquid state. Transition to high-load operation causes vaporization of the oil and pre-ignition due to the oil vapor. If the oil leaves substantial deposits after vaporization, the deposits themselves can cause surface ignition.
-_ -The vaporization temperature of 10 different oils was measured prior to choosing an engine oil for this work. The testing was done by placing the oil in a depression cut in an aluminum block.
The aluminum block was instrumented with thermocouples and heated from the bottom (see Photo 10 -Aluminum block F e d for oil compa&on tests Photo IO). The temperature at which vaporization took place was recorded and is shown in Table  2 . AmsOil 1Ow-30 was chosen as the engine oil.
. . Oil enters the combustion chamber at two locations: between the valve stem and valve guide, and between the piston and cylinder wall. The measures taken to prevent oil passage past these locations for gasoline-fueled engines are not in general sufficient for hydrogen-fueled engines. .
---
..-
Valve-stem seals limit oil passage between the valve stem and valve guide. A variety of seals were tested for use in this work. Valve-stem sed availability eventually dictated intake vdve The valve had a 1.42 inch head diameter and a 0.276 inch stem diameter. Difficulty in obtaining a proper valve springhalve retainer match required a change to the intake valve from the Ford 1.6 liter "Kent" four-cylinder engine (TRW part no. V2914) (Photo 11). That valve had a 1.42 inch head diameter and a 0.309 inch stem diameter. The valve was used with the standard Ford valve guide and seal. It was not possible to obtain adequate oil control with the standard parts as designed for gasoline operation. Inspection (Photo 12) showed the valve stem had been polished preferentially on one side. This was caused by the valve-stem seal mounting location -onthe valveguide not being concentric with the valve stem by 0.005-inches. The vilve guide was then machined to provide a concentric mounting location for the valve-stem seal.
Previous experience had shown that very good oil control could be obtained with the sevengroove, labyrinth-type valve-stem seals used on the 2.0 liter Chevrolet four-cylinder engine (Photo 13). Both five-groove and seven-groove seals were used interchangeably for gasoline operation in the Chevrolet engine, but the seven-groove seals yielded superior oil control. These valve-stem seals required an 8 mm valve stem, so a third valve for the prototype engine was made from the intake valve for a 1.6 liter 2TC Toyota four-cylinder engine (Photo 11). The intake-valve head diameter was reduced from 1. There are several types of rings, and the Figure 10 -Piston ring design types surface of the ring that touches the cylinder bore can be shaped in various ways (see Figure 8) .
The standard Toyota ring package consists of a chrome moly, barrel-face top ring, a cast-iron straight-cut second ring, and a 0.1064 inch radially thick pair of oil control rings. Deves Corporation rings were tested. The Deves ring package contained a cast-iron, straight-cut-face top ring, a cast-iron oil trap second ring, and a 0.1400 inch radially thick pair of oil control rings. The package took longer than the Toyota package to seat properly. Sealed Power rings were tested. The Sealed Power ring package consisted of a cast-iron lo-tapered-face top ring, a castiron lo-tapered-face second ring, and a 0.095 radially thick pair of oil control rings. This package seated rapidly and gave good oil control, showing a dry piston after only 0.5 hours of operation. This can be seen in Photo 14 which shows the cylinder bore after one-half-hour of break-in. The cylinder bore above the compression ring is dry enough to have oxidized. For this piston ring combination oil control was very good but piston scuflhg occurred during high-load operation (Photo 15). To soIve the scuffing problem, on the side of the piston Ioaded during the power stroke, the piston skirt was chamfered at the bottom. No further scuffing occurred. During the final operation of the engine, a standard Toyota top ring was substituted for the Sealed POWE top ring because seating was very rapid, and the chrome moly barrel face was easier to "read" during inspections.
The piston chosen is shown in Photo 16. Piston design was dominated by the desire to maintain a reasonably large skirt thickness. This was needed to improve heat transfer from the piston headring land area to the piston skirt. Cast pistons were chosen to satisfj. that requirement. Scuffing was experienced during testing of the first piston, but was alleviated by modifying the piston-skirt geometry of the second piston. The crankcase was vented through a production Ford check valve. 
Repeatability of Data
This project included the conversion of a four-cylinder engine to single-cylinder operation. This modification would have quadrupled the frictional mean effective pressure (FMEP) (fiction per displacement); however the removal of three of the pistons, a portion of the camshaft, and the valve train from the deactivated cylinders mitigated some of the increase in F'MEP. All of the, original main bearings remained in the engine as well as the original oil pump and water pump, so fictional losses in the prototype engine were still very high.
The oil temperature used during testing was low (145 OF), and this also increased the fiictiond losses. The engine has separate cooling passages for axial heat transfer from the combustion chamber and exhaust ports and radial heat t r d e r from the combustion chamber and cylinder block. That allowed relatively independent control of the cylinder-head temperature and cylinderblock temperature. The oil temperature was almost strictly a -function of cylinder-block temperature. The three rear cylinders had their pistons and connecting rods replaced with counterweights. The counterweights allow oil to pass out of the sides of the connecting rod bearings in the same manner as the original connecting rod. This oil is thrown onto the inside surfaces of the cylinder-block, which acted as a heat exchanger, bringing the oil temperature to the cylinder-block temperature. Because the cylinder-block was heated by the water coolant in the rear three cylinders, the engine oil temperature was always within 4 O F of the water inIet temperature during steady-state operation. The FMEP due to the oil pump and bearings was a strong function of oil temperature. To determine how critical oil temperature was, tests were run w i t h the prototype engine fueled with methane. The engine was run at 1800 RPM and 75.1 psi brake mean effective pressure (BMEP) with constant airflow and fuel flow. The changes in BMEP for the two operating points is a direct result of the change in friction in the engine. Both operating points had virtually identical heat losses because the cylinder head temperature measured at the exhaust valve seats was the same for both points. The coolant flow to the cylinder head did not have to be adjusted to maintain constant cylinder-head temperature. The flow of coolant water from the cylinder block to the radial heat transfer passages in the cylinder block was minimized.
The tests indicated that the oil temperature had to be held constant in order to obtain repeatable data The oil temperature was held at 145 T fl.0 "F for all data taken on hydrogen.
Method of FMEP Determination for Prototype Engine
For this~esearch effort the FMEP at wide open throttle (WOT) was assumed to be a function of RPM only. This assumption applies particularly well to a four-cylinder engine converted to single-cylinder operation. A large portion of the internal friction in an engine converted to single-cylinder operation is caused by unloaded crankshaft bearings, the oil pump, and the water pump. These friction-producing engine parts are not affected by cylinder pressure and, consequently, do not change with engine load. ---assembly friction losses at low and high load, the FMEP is 0.5 psi higher at the higher load. The -Ipuniping losses do not change appreciably with load in anunthrottled engine. -The dedicated hydrogen engine operated unthrottIed. The changes in FMEP averaged 0.5 psi over a much larger change in load than those used in this research activity.
__ .
_-_ -
As noted previously, FMEP was a very strong function of oil temperature, so all measurements were made at 145 "F oif temperature. The FMEP was measured while operating the engine on one spark plug and using the other spark plug location for a pressure transducer. The FMEP was measured at 1000,1800,2830, and 4000 RPM, with dried exhaust oxygen content equal to 12%. Cylinder pressure diagrams were recorded using a Kistler 640-601B pressure?transducer with a Kistler 5002D charge amplifier and Nicolet 2090-III digital oscilloscope. Engine load was measured using the electrodynamometer. An aluminum disk with indexing holes drilled every two degrees was mounted on the crankshaft to directIy trigger the digital oscilloscope, using a phototransistor, to take data at known crankshaft positions. The camshaft hall sensor signal was used to start the recording of cylinder pressure data 21° BBDC on the intake stroke to ease postprocessing of the results. A counter, tracking the Crankshaft position, was used to zero the charge amplifier during the exhaust stroke of every cycle. The cylinder pressure traces thus recorded were then integrated, with respect to cyhder volume, off line to calculate indicated mean effective pressure @MEP). A common cause of error in IMEP calculation using this method is error in the crankshaft position measurement. Taking pressure-time data and assuming constant RPM to calculate crankshaft position does not yield accurate results because RPM varies too much during the cycle'. Indexing on the crankshaft disk eliminated that problem, and a separate hole on the disk at top dead center was used to produce a marking signal on the second channel of the oscilloscope to verify that the data was in register. The measured BMEP values were subtracted from the IMEP values calculated in this manner to compute FMEP.
The change in FMEP due to pumping losses was measured by motoring the engine at a specific RPM and varying the throttle position. Measurements of the change in FMEP were made with the throttle position producing specific desired volumetric efficiencies. -_-
Experimental Technique

2. 3.
4. 5. 6.
7.
8.
8.
9.
Measure atmospheric pressure. Measure humidity. Set hydrogen delivery pressure at 45 psi.
Position the cam mounted injection timing disk at the desired injection timing.
Set injector duration desired.
Start engine and run for 60 minutes on Iiquified petroleum gas (LPG) or natural gas to warm up to 145 "F oil temperature and 225 "F seat temperature. Switch to hydrogen fixel.
Increase hydrogen pressure to slightly rich operation (measured 0, low).
Reduce injection duration to match desired fixel-air mixture. Adjust spark advance, water flow in cylinder head, water flow in cyhder block, dynamometer, and fixel flow rate until 225 "F exhaust seat temperature and 145 OF oil temperature is reached with best efficiency spark advance (BESA) and the desired measured oxygen in the exhaust. 
RPM Load FueI flow
EQUIPMENT USED DURING THIS RESEARCH ACTIVITY Exhaust Emission Measurements
A Beckman Model OM-1 1 Polarographic Oxygen Analyzer was used to measure 0, concentration in the exhaust. The exhaust sample was dried by cooling in a condenser. Measurements were corrected for the loss in sample volume caused by drying.
-Fuel and Air FIowrate Measurements
Because the confidence level of measured brake-specific fuel consumption and fuel-air equivalence ratio are critically dependent upon the accuracy of fuel flowrate and air flowrate measurements, a survey was made of the available flowrate measuring devices. With the help of Dr. David W. Baker of the National Bureau of Smdards, Fluid Mech&cs Department, high accuracy rotameters were selected to measure fuel flowrate and air flowrate as described below.
-Fuel Flow Meters
Among the criteria for the flowrate meter selection are: high precision, low bias error, ease of maintenance, low fuel pressure requirements, and reasonable cost. It is desirable to have more than one meter to bridge the entire range of fuel flowrate (140:l). With. multiple meters, the ranges can be overlapped, affording the opportunity to conduct pretest calibration checks in the overlap regions. An additiond criteria to be considered when choosing a particular flowmeter type is resolution; it varies with the length, dynamic range, and type of tube taper. For example, Co Instrument gives a resolution of f l % for its logarithmic tube 120 model, which has a large dynamic range (13:1), and 33.5% for its logarithmic tube 129 model, which has a small dynamic range (5:l).
Based on the above considerations, a high-precision rotameter with a potential precision of H.2% of reading and an estimated bias error of HS% of reading was selected, along with a high----accuracy -mercury manometer and a certified standard calibrated thermocouple to measure the he1 -flowrate. The meter was manufactured by Co Instrument (Model 129-287 Range) and is
Calibration for standard application, high-accuracy flow meters is conducted by using air as a flow medium and then modi-g the calibration curves by using the appropriate standard correction factors for the fluid to be metered during the tests. This procedure is expected to result in accuracies of f l % for high-precision meters. To improve the accuracy to kO.5%, the Colorado Experimental Engineering Station, Inc. (CEDES), Boulder, Colorado, calibrated each of the logarithmic tubes used in the present study with hydrogen as the calibration fluid.
Because the rotameter is a volumetric flowmeter, the pressure and temperature of the metered fluid must be measured to ascertain mass flowrates Errors in these measurements reduce total accuracy. The estimated uncertainty for the fuel mass-flowrate measurement was approximately fo.8%, found by calculating the root mean square of the following components (at full scale) ---------Estimated uncertainty (95% confidence)
33.8%
Air Flow Meters
Air flow measurements were made using a laminar flow element that had a certified accuracy of &0.65% of reading, and a high-precision inched manometer for pressure drop measurement that had an certified accuracy of 39.25% of reading. The following instruments were selected.
Meriam 50 MC2-2F Laminar Flow Element Meriam 40H35,50" Scale Manometer
As with the fuel-flow measurements, it was necessary to ascertain the density of the air by measuring air pressure and temperature. In addition, it was necessary to determine the humidity of the air. The estimated uncertainty for the air mass-flowrate was approximately 33.8%, found by calculating the root mean square of the following components at full scale.
Calibration of Laminar Flow Element error
Calibration 
33.8%
.
--A_----
FueI-DeIivev Systems
The hydrogen was stored in standard welding-type tanks. During the experiments, the temperature and pressure in the tanks decreased as the gas was consumed. To minimize the temperature decrease, a fuel-delivery system consisting of two sets of four tanks connected in parallel was used. During the tests, fuel was emptied simultaneously from aII four tanks of one set. Upon depletion of the fuel in one set, the other set could be turned on allowing for continuous operation without shut-down. In addition to the simultaneous use of four tanks, the fuel was passed through a coil of tubing immersed in a constant-temperature bath to aid in maintaining a constant temperature at the flowmeter. There was also a 70-cu-in. surge tank installed to damp pressure pulses. A two-stage pressure regulator downstream of the individual tank regulators was used to give precise control over the pressure level at the fuel flow meters. This fuel pressure was measured with a precision mercury. manometer having an accuracy of &0.07% of reading.
'
In-Cylinder Pressure-Time Diagrams
The following components were used to measure in-cylinder pressure-time diagrams during FMEP determination.
1. 2.
3.
4.
KistIer piezoelectric pressure transducer part# 601B2 Adapter to install transducer in spark plug location Kistler charge amplifier part# 5004D A Nicolet 2090 Digital Oscilloscope
The cylinder-pressure versus crank-angle data were gathered with a piezoelectric pressure transducer installed in one of the spark plug locations.
The transducer was calibrated in combination with the 5004 charge amplifier using two highprecision pressure gauges as references. Valves were arranged to apply a step change in pressure at the transducer. The calibration of the transducer-amplifier pair corresponded to the factory calibration of the transducer within H.7%. Also, the charge amplifier included an external zeroing feature that was controlled by hardware that zeroed the amplifier during the exhaust stroke of each cycle. DC offset in the amplifiers (error in output voltage with zero input voltage) could be checked, before or during testing, with the oscilloscope.
The amplifier signal was digitized with the digital oscilloscope. A 12-in. aluminum disk with holes around the circumference spaced at 2 O intervals was used in conjunction with two phototransistors to determine crankshaft position. Top dead center (TDC) was located by noting the crank shaft position on either side of TDC when the piston had descended 1.2 inches into the bore. At this piston position, 1 O crankshaft rotation produces 0.040 inches piston movement. The piston had no piston pin offset. The crankshaft was then positioned at the point between these two locations. The phototransistor sensors were aligned to the disk w i t h two pins that fit through the sensor holes and through the TDC holes in the 12-in. disk. The sensor housing was then tightened to its mount. The hardware received pulses from this crankshaft position sensor system and computed crankshaft position using a counter. The hardware strobed the digital oscilloscope to take pressure data as a function of crankshaft position rather than versus time.
Although the spark plug adapter served to protect the transducers from peak combustion temperatures, the transducer was coated with a silicone protective coating (General Electric RTV 116 Silicone Sealant). This precaution was taken because of concern for the small quench distance of a hydrogen flame.
~
Cylinder pressure and crank angle were measured over 120 cycles to yield time-averaged pressure versus crank angle traces for the IMEP calculations.
Measurement of Equivalence Ratio
The measurement of equivalence ratio was done by two independent methods during this research project. The first method involved measuring oxygen content in the dried exhaust and performing a chemical balance to determine the equivalence ratio. This method resulted in a measurement of equivalence ratio in which a 0.1% change in oxygen content in the exhaust produced a I% change in calculated equivalence ratio.
The second method involved measuring fuel flow and air flow with flow meters and computing the equivalence ratio from those measurements.
The first method was used for data with an equivalence ratio greater than 0.5. The second method was used for data with an equivalence ratio less than 0.5. During operation at equivalence ratios less than 0.5, the oxygen content in the exhaust was used as a guide when changing the engine operating point, and the fuel and air flow measurements were used to veri@ the equivalence ratio once the operating point had been reached. were taken under laboratory conditions. The engine design included a billet aluminum single combustion chamber cylinder-head with one intake valve, two sodium coiled exhaust valves, and two spark plugs. The cylinder-head design also included drilled cooling passages. The fuelLdelivery system employed two modified Siemens electrically actuated fuel injectors. The exhaust system included two separate headers, one for each exhaust port. The pistonMng combination was designed specifically for hydrogen operation.
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